ABSTRACT: This paper presents the reconstructed severity of winter seasons in the northern Baltic Sea on the basis of historical time series of ice break-up at the port of Riga (1529Riga ( -1990 
INTRODUCTION
Ice conditions are sensitive indicators of climate change. There have been several studies concerning climate reconstruction based on proxies from ice parameters. Camuffo (1987) investigated freezing in the Venetian Lagoon; the dates of freezing and break-up of rivers in Canada were used by Rannie (1983); and Catchpole & Hanuta (1989) analyzed ice cover in Hudson Bay.
In the Baltic Sea area, extreme ice conditions have been documented in the historical chronicles since AD 690 (Speerschneider 1915 , Lamb 1977 . However, these were limited to remarks of unusual ice conditions occurring in the southern Baltic. Periodic recordings of ice observations started in the 16th century, when the harbor pilot service was initiated in Sweden. By decision of the government, the population along the coastal areas was obliged to establish navigation marks (Rudovic 1930) . These navigation marks had to be established after the ice disappeared, and at the beginning of the ice season it was necessary to collect the marks. This encouraged the beginning of sea ice observations. Another reason for ice monitoring was to allow the use of ice cover for laying down transportation routes during the winter season. We find detailed descriptions of these activities from, e.g., the Olaus Magnus Gothus chart 'Carta Marina' (16th century). On that chart there were drawn special ice roads in the eastern part of the Gulf of Finland, for travel from the northern to the southern shore. In the eastern parts of the Gulf of Finland covered by ice, sketches of battles have been preserved containing information on army transportation.
However, these were not regular observations, but rather occasional information about ice conditions. Regular observations in Sweden started in 1870. The first regular observations in Russia were started in 1706 at St. Petersburg. Subsequent observations were recorded at Narva (1837), Kronstadt (1814) and Buborg (1861) (Rukachev 1886) . These early observations have contributed greatly to our knowledge of climate variations in the Baltic Sea region. Jurva (1944) constructed a time series of maximum annual ice extent in the Baltic Sea dating back to 1720, and this work was continued by Seinä & Palosuo (1996) . Spectral analysis of time series of the maximum annual ice extent in the Baltic Sea was carried out by Girljatowicz & Kozuchowski (1995) . Oscillations with 7 to 8 yr periods were found in the ice cover series , but these become significant in the spectrum only in the most recent period . Oscillations with 3.5 and 5.3 yr periods were found for the years 1719 -1800 and 1890 -1900 , respectively. Tarand (1993 constructed time series of ice breakup in the port of Tallinn since 1501. Ice conditions in the western Baltic Sea have been analyzed in terms of a mass-related severity index by Koslowski & Loewe (1996) and Koslowski & Glaser (1995 , 1999 . Reconstruction of 7 types of winter severity was based on the accumulated areal ice volume along the German Baltic during 1501-1995. Variations in ice winter severity in the western Baltic were investigated; periods with increased and reduced severity were defined. The relation between different types of ice winter severity in the western Baltic and the North Atlantic oscillation (NAO) was examined.
Studies of changes in ice conditions along the Polish coast found a decreasing trend of about 1 to 3 d decade -1 between 1896 and 1993 in a long-term time series of ice-covered periods along the Polish coast in the southern Baltic Sea (Sztobryn 1994) .
In the present study the severity of winter seasons in the north Baltic Sea is reconstructed on the basis of historical time series of ice break-up at the port of Riga for the period 1529-1990.
SCOPE OF THE STUDY
The aim of this study is to define the severity of winter seasons in the northern Baltic Sea during 1529-1990 using historical records of ice break-up dates.
The objectives of the study were as follows: (1) to analyze the temporal variability in time series of ice break-up at the port of Riga; (2) to define the severity of winter seasons; and (3) to compare the reconstructed severity with available historical information There are several definitions of ice winter severity types in the Baltic Sea area. Prüfer (1942) defined 4 ice winter types (mild, moderate, strong and very strong) using the number of days with ice and ice conditions for navigation. Girjatowicz (1990) classified 3 ice winter types (mild, moderate and severe) with respect to the sum of mean daily air temperature below 0°C from December through March, maximum ice thickness during the ice season and number of days with ice. Seven ice winter severity types defined by the ice concentration, ice thickness and index of days with ice were offered by Koslowski & Glaser (1995 ). The correlation coefficient between the maximum annual extent of ice cover in the Baltic Sea and the mean air temperature from December to March at Mariehamn (Aland Island) during 1873-1992 is 0.91 (Seinä & Palosuo 1996) . Jevrejeva (1999 Jevrejeva ( , 2000 classified 3 ice winter severity types for the coastal area in the Baltic Sea along the Estonian coast. The classification was based on data sets from 5 stations situated in the Gulf of Riga and 3 stations situated in the Gulf of Finland for the period 1890-1990; selected stations were located on the mainland and on the islands as well. Time series of daily air temperature from the ice condition observation places were used to calculate the sum of negative degree-days for each of the stations from the date of onset of freezing air temperatures to the date of onset of melting air temperatures. On the basis of obtained results the seasons used were classified as mild if the sum of negative degree-days was less than 380; as average if the sum was between 380 and 570; and as severe if the sum was more than 570 for the Gulf of Riga. Analogous classification was applied to the stations situated in the Gulf of Finland for the period .
In a previous study (Jevrejeva & Leppäranta in press) ice conditions in the Baltic Sea along the Estonian coast from 1890-1990 were analyzed in detail. Long-term time series of date of freezing, date of fast ice formation, date of disappearance of fast ice, date of ice break-up and ice thickness for 8 stations situated along the Estonian coast in the Gulf of Finland and the Gulf of Riga were examined. Statistics (average, standard deviation, maximum and minimum) and frequency histograms were given; for trend analysis, the results of regression fit, correlation coefficients and significance level were presented. Time series divided according to the severity of winter seasons were also analyzed. For all observation stations mild winter seasons were characterized by an early date of ice breakup; a few weeks later the date of ice break-up was fixed for average winters and the latest date of breakup for the severe winters was found.
Additionally, the relation between time series of winter severity represented by the sum of negative degree-days and the date of ice break-up in the Gulf of Finland and Gulf of Riga was examined. The correlation coefficients between a 100-yr-long time series of dates of ice break-up and time series of the sum of negative degree-days for 8 stations situated along the Estonian coast were between 0.7 and 0.9. This allows data on ice break-up date, which extends back in time much further than air temperature measurements, to be used as a proxy for ice severity of winter seasons.
The weakness of the classification based on the calculated sum of negative degree-days is that air temperature has been measured regularly along the Estonian coast only since 1890. Seinä & Palosuo (1996) classified the winter seasons in the Baltic Sea since 1720. The 2 classifications were compared for the period 1890 to 1990. The classification by Seinä & Palosuo was simplified (the same simplification for a practical level was also mentioned by them) -extremely mild and extremely severe winters were considered as mild and severe, respectively -and thus only 3 types remained: mild, average and severe. There is remarkable agreement (92%) between the classification of winter seasons used here based on the calculated sum of negative degree-days and Seinä & Palosuo's classification based on maximum annual ice extent for the period of air temperature measurements . Some disagreements were detected for the winter seasons; for example, season 1949-50 with a sum of negative degree-days of 520 was classified as average by Jevrejeva (1999 Jevrejeva ( , 2000 and with 113 000 km 2 of maximum ice extent was classified as mild by Seinä & Palosuo. Most of the disagreements relate to the mild winter seasons, when maximum ice extent can be redistributed by dynamic factors (strong wind, sea-level fluctuations, currents). In general, the correlation coefficients between the sum of negative degree-days for 5 stations situated along the Estonian coast in the Gulf of Riga and maximum annual ice extent in the Baltic Sea ranged from 0.85 to 0.91. Assuming there is a strong relation between date of ice break-up and severity of winter seasons, we can use Seinä & Palosuo's classification of winter severity between 1720 and 1890 as a proxy for negative degree-days.
RECONSTRUCTION OF SEVERITY OF WINTER SEASONS FOR THE PERIOD 1529-1990
3.1. Historical time series of ice break-up at the port of Riga, 1529-1990
The coastal areas in the northern and central Baltic Sea are covered by ice every winter. Ice conditions are recorded in many historical chronicles, as an important factor in the regulation of navigation. Riga is one of the Hanseatic cities, with a long history of trade and archives containing port journals, custom books, town council minutes and trade company records. Stakle (1936) published the first time series of ice break-up at the port of Riga, which was then extended by Betin (1957) . The data for the period have been collected from yearbooks in the library of the Estonian Meteorological and Hydrological Institute. In the present study, the date of ice break-up is considered as the date of disintegration of the ice cover in the period with regular ice observations. Before this period only information on the date of the beginning of navigation in the port of Riga is obtainable, which is assumed to be almost the same as the ice break-up date. There are some gaps for the period before 1708, after which the data are continuous. The data since 1722 are in good agreement with air temperature measurements in the Baltic Sea (Uppsala, Stockholm and St. Petersburg time series) for the period before instrumental measurements, assuming that the extremes (the earliest and latest dates of ice break-up) were fixed more often and that gaps are related to the average date of ice break-up. There were no replacements of the data; original data were used in this study. For a regression run the gaps were deleted.
The time series of date of ice break-up ( Fig. 1 ) is characterized by a mean date of 4 April (SD : ±17 d, median: 6 April). A decreasing linear trend (not shown here), significant at the 99.9% level, indicates that the date of ice break-up shifted earlier, about 1.5 d century -1 (Table 1) . Outliers were screened through the residual analysis after an initial regression run in order to obtain results based on original data and to compare the results from the time series from which outliers were removed. Once outliers were identified, the extreme cases were discovered. Eight extremely early dates of ice breakup were detected for the period 1529-1990; 4 were observed after 1850 (1897-98, 1898-99, 1909-10, 1913-14) and were confirmed by mild conditions in the Baltic Sea and available air temperature measurements. The historical information about extremely early break-up before 1850 is assumed to be qualitative, as in chronicles extremely mild winter seasons were described for those years. Eight outliers were detected and removed from the time series. After that the regression analysis was performed again. Standardized residuals were from -2.7 to 2.5. The residuals were nearly normally distributed (skewness = -0.2; kurtosis = 0.6); the points fell along a straight line. Leverage (Mahalanobis distance) was calculated for each point; critical χ 2 at α = 0.001 for 2 df is 13.816. None of the cases has a value in excess of 13.816 (maximum was 6.21). Influence was evaluated by calculation of Cook's distance (maximum was 0.049). The Durbin-Watson test result was in 1.893. Residuals did not show autocorrelated properties.
Even with outliers removed from time series, the decreasing linear trend is still statistically significant; there were no changes in slope.
Moving averages (7 or 12 yr periods) randomly fluctuate along the linear trend in the pre-1800 interval, possibly indicating red noise with no well-defined spectral lines. At the same time it is evident that some periods were dominated by early (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and late breakup relative to the trend line. It is important to emphasize that the duration and amplitude of periods with a tendency toward early and late dates of break-up are not equal. One simple way to look at low-frequency behavior is to fit a fifth-order polynomial curve to the data (Fig. 1) .
The fifth-order polynomial fitting curve indicates the follow periods: (1) 1530-1640: period with a tendency toward early break-up; 9 d century -1 ; (2) 1640-1770: period with a tendency toward late break-up; 5 d century The last period ) is characterized by a tendency toward a late date of ice break-up, even though the 2 intervals 1945-1970 and 1980-1990 are characterized by early date of ice break-up (with respect to a decreasing linear trend line).
Severity of winter seasons between 1720 and 1990
As mentioned in Section 2, the winter seasons for the period 1720-1990 were classified as mild, average and severe. Time series of date of break-up at the port of Riga were constructed for the different types of winter seasons. Results of statistical analysis for the time series of ice break-up as a function of the severity of winter seasons are given in Table 2 .
Histograms of date of ice break-up for the different type of winter seasons are plotted in Fig. 2 The shape of the histograms varies for different types of winter season. Mild winters show a flat distribution and are negatively skewed to the beginning of spring; severe winters are positively skewed to the end of spring, with a sharp peak. The date of break-up for severe winter is also characterized by the smallest standard deviation.
There were 88 mild (33%), 88 average (33%) and 94 severe (34%) winters during 1720-1990. The time series were arranged according to the severity and trend analyses performed. In general, no linear trends were found for the severe and average winter seasons and a slightly decreasing trend (5 d century -1 ) was detected in time series of mild winter seasons, with statistical significance at the 98% level (Table 1) .
Severity of winter seasons between 1529 and 1720
The statistical characteristics of time series of ice break-up for the period 1720-1990 have been used to establish a rank for each winter season for the period 1529-1720. According to the date of break-up, the winter seasons were defined as mild, average and severe. In addition, historical records from chronicles were used. The results are given in Table 3 .
As before, trends were analyzed for the different classes of winter severity. Decreasing trends of 1.5 d century -1 for the average winter seasons and only 1 d century -1 for mild winter seasons were found (Fig. 3 ), but statistical significance was below the 95% level. A decreasing trend of about 2 d century -1 for the time series of date of ice break-up for severe winters was detected (statistical significance at the 99.9% level, Table 1 , Fig. 4 ). Residuals statistics are as follows: maximum Mahalanobis distance: 5.398, maximum Cook's distance: 0.122; result of Durbin-Watson test: 2.041.
For more information about the consequences of ice break-up on the different classes of winter seasons, histograms were plotted.
COMPARISON WITH OTHER RELEVANT DATA
Every reconstructed winter season's severity index was carefully matched with available data from different sources (such as various chronicles). First, historical descriptions were used (Betin 1957) . For example, the winter season 1579-80 was defined as strong with respect to the severe ice conditions described by Hennig (1904) and from a description about the trip from Tallinn over the Baltic Sea from Russian chronicles mentioned by Buchinsky (1957) . The severity of the 1556-57 winter season is confirmed by a description of extremely severe conditions in northwestern Russia from Russian chronicles. The winter season 1620-21 was defined as severe based on the date of break-up at the Riga port and according to the information about Table 2 . Statistics of time series of ice break-up for mild, average and severe winters at the port of Riga during the period ice cover around Gotland until 1 May (Strelow 1633). The same ice conditions on the Baltic Sea along the Danish coast is confirmed by Speerschneider (1915) . The severe winter of 1708-9 is confirmed by Suhm (1793), who described the winter as severe until 3 April in Denmark. The Baltic Sea was covered by ice and sledges were used for transportation even in May 1709 (Thaarup 1776). Hard winter conditions in Ukraine are described by Shvetc (1955) and Kraft (1887) . An agreement was found for the periods of early and late ice break-up at the port of Riga and historical evidence from European countries (Glaser & Hagedorn 1991 , Pfister 1992 , Rácz 1994 . Koslowski & Glaser (1999) mentioned the cooling period from about 1650-1715 in western and central Europe, confirmed by the Maunder minimum of sunspot numbers . During that period the ice break-up observed at the port of Riga is characterized by the tendency toward late break-up dates, and consequently that period has been also characterized by severe and average reconstructed winter seasons.
For some years there was disagreement both within the historical data and between reconstructed severity and historical information. An explanation can be presented, for example, for the winter seasons 1915-16 and 1925-26 . Those winters were classified as severe for the northern and central Baltic Sea (Betin 1957 , Seinä 1996 , but for the western Baltic Sea the season was classified as average (quite close to mild). During the winters 1915-16 and 1925-26 the cold anticyclonic air masses covered the northern part of the Baltic Sea and warm air masses from the Atlantic were over the southern part of the sea. In this case a severe winter was observed in the northern part and an average one in the southern part.
Rather interesting was the winter of 1938-39. Winter conditions were average in the southern and mild in the northern parts of the Baltic Sea. This may be due to the influence of cold southeastern air masses over the southern part of the Baltic Sea during March; at the same time warm air masses from the Atlantic were dominant over the northern part of the Baltic Sea. Air temperature measurements, reconstructed data from the Climate since AD 1500 database (Bradley 1992) and time series of date of ice break-up at the port of Riga were compared. Correlation coefficients between the seasonal (from December through February) anomalies of air temperature from Stockholm (1755 Stockholm ( -1980 and Leningrad (1743 Leningrad ( -1980 and date of ice break-up in the port of Riga were -0.51 (p < 0.01) and -0.5 (p < 0.01), respectively. The correlation coefficient between mean air temperature from December through March in Copenhagen (Betin 1957 ) and date of ice break-up in the port of Riga was -0.53 (p < 0.01) for the period 1767-1860. The date of break-up is observed in April; a better correlation can be obtained by analysis of accumulated air temperature or date of onset of melting air temperatures.
Variation in winter weather in northern Europe is influenced by a fluctuation in the atmospheric mass over the Atlantic Ocean, called the 'North Atlantic oscillation' (Lamb 1977 , Rogers 1984 , Hurrell 1995 . The relation between time series of date of ice breakup at the port of Riga and the NAO winter index was analyzed.
In present study the winter index of the NAO from Climate Analysis Section, Climate and Global Dynamics Division, University Corporation for Atmospheric Research (http://www.cgd.ucar.edu/cas/climind/nao_ winter.html) was used. The winter (December through March) index of the NAO is based on the difference in normalized sea level pressures between Lisbon, Portugal, and Stykkisholmur/Reykjavik, Iceland from 1864 through 1998. The sea level pressure anomalies at each station were normalized by division of each seasonal pressure by the long-term (1864-1983) standard deviation.
Classification of the index data is based on the definition of 3 categories: high, normal and low. A high index (NAO > 1) is associated with strong westerly flow and a low index (NAO < -1)with weak westerlies. A normal index covers -1 < NAO < 1 and indicates a zonal circulation of average strength.
Variations in time series of date of ice break-up at the port of Riga were examined within the context of the atmospheric circulation above the North Atlantic. The correlation coefficient between time series of date of ice break-up and the NAO winter index was -0.57 (p < 0.01). The date of ice break-up of the different type of winter seasons depends on state of the NAO winter index.
CONCLUSION
The severity of winter seasons has been reconstructed on the basis of historical time series of ice break-up at the port of Riga. There were 111 mild (33%), 118 average (34%) and 117 severe (34%) winters during the period 1529-1990; however, there were some gaps in the data before 1708. Reconstructed severity has been carefully checked with available historical information. An agreement was found for most of the obtained winter seasons.
Trends were analyzed for time series of ice break-up dates, arranged according to the reconstructed severity of winter seasons. No statistically significant trends for average and mild winter seasons were found for the period 1529 to 1990. Only for severe winter seasons was the decreasing trend of about 2.0 d century -1 detected with statistical significance at the 99.9% level. However, periods of early and late break-up were detected using a polynomial fitting curve.
Lengths of periods are not equal; an alternation of maximum and minimum values is clearly seen. There are no fixed cycles, and it is more like a quasi-periodical process. The periods dominated by early break-up include intervals with late date of ice break-up and vice versa.
No trends were found for the severe and average winter seasons and a slightly decreasing trend (5 d century -1 ) was detected in time series of mild winter seasons during the period 1720-1990. There were no significant changes in ice break-up dates for the severe and average winters from 1720-1990; only for the mild winters the tendency toward early date of ice break-up was observed during the past 270 yr.
In a further study, the robust statistical methods and singular spectrum analysis will be applied to elucidate the available historical time series.
